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HIGHLIGHTS

o A resistor network model and battery performance model were combined.

o Effects of electrolyte microstructure on Li-ion battery performance were studied.
o Design rules were found for an AI-LLZO electrolyte in a Li .|| LiCoO, battery.

o Electrolyte conductivity ratio to thickness above 10 S m~2 is needed at G-rates>10.
e Diminishing returns predicted from further improvement of AlI-LLZO conductivity.

ARTICLE INFO ABSTRACT

Keywords:
Solid-state battery
Solid electrolyte
Microstructure
Battery modeling
Lithium-ion battery
Energy storage

Solid-state batteries offer the potential to improve safety, cyclability, and energy density of Li-ion batteries.
However, their conductivity, stability, and processing limit their use. To this end, the effects of solid electrolyte
microstructure on overall battery performance are determined. The conductivities of Al-doped LiyLagZry012 (Al-
LLZO), with a range of microstructures, are found using a resistor network model. Varying electrolyte properties
are combined with a Li-metal negative electrode and LiCoO positive electrode in a 1-D continuum model to
predict the effects on performance. Simulations suggest that the ratio of electrolyte conductivity to electrolyte
thickness must remain above 10 S m ™2 to maintain high energy and power output, particularly at C-rates greater

than 10. To maintain conductivity near the grain interior conductivity, a grain size at least 10,000 times larger
than grain boundary thickness is needed. Further improvements in grain size, grain boundary thickness, and void
fraction beyond typical Al-LLZO microstructures, with the goal of higher conductivities, are predicted to have
diminishing returns in overall battery performance, even at more sensitive high C-rates up to 100.

1. Introduction

Li-ion batteries are the prefered power source for a large range of
technologies including grid storage, electric vehicles, mobile phones,
and sensors. Conventionally, these batteries contain a liquid electrolyte,
which is flammable and can leak [1]. By replacing liquid electrolytes
with solid electrolytes, these issues can be addressed. Solid electrolytes
can also provide increased chemical stability, high Li-ion transference
numbers (~1), and enable the use of energy-dense Li metal by providing
a mechanical barrier to dendrite formation [2,3]. Currently, some
promising materials for solid-state electrolytes include oxides with
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garnet structures, perovskites, and sodium superionic conductors
(NASICONS) [3,4]. This paper focuses on the modeling of Al-LLZO sys-
tems. LLZO (LiyLagZry015) has emerged as an excellent solid electrolyte
due to its high Li-ion conductivity, low electronic conductivity, and wide
electrochemical stability window [5-7]. When doped with Al, the highly
conductive cubic phase of LLZO (as opposed to the less conductive
tetragonal phase) becomes stable at room temperature and can be syn-
thesized at a low sintering temperature [5,8]. In its tetragonal phase
(space group no. 142, 14;/acd), Li sites are fully occupied, whereas Li
sites are only partially occupied in the cubic phase (space group no. 230,
Ia3™ d), causing higher Li mobility and conductivity [9,10]. Though the
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local structure of doped cubic LLZO has been a recent focus of study, the
exact crystallographic structure of Al dopants is still not fully understood
[11]. An example of the AI-LLZO crystal structure can be found in the
Supplementary Information (Fig. S1) [8]. Overall, Al-LLZO has been
found to have conductivities up to 4 x 10°4Sem~ 1 [8]. Additionally, Al
doping can improve densification during sintering [12].

Some challenges in the development of solid-state batteries include
poor interfacial connectivity, which can cause high resistances (10>-10°
Q cm?) and be exacerbated by delamination during cycling due to
electrode volume changes, especially with stiff electrolytes [2,5,13].
Additionally, though solid electrolytes provide greater protection
against dendrite growth than conventional liquid electrolytes, there are
still issues with dendrite growth in solid-state systems [14-16]. The
manufacturing and processing of solid-state batteries also poses a chal-
lenge. To realize the high energy density of solid-state batteries, their
electrolytes must be extremely thin (<100 pm) to reduce excess resis-
tance, volume, and weight [17]. The manufacturing of these thin-film
solid electrolytes, especially at a competitive price, is a significant
obstacle to commercial solid-state battery use [17]. Despite these chal-
lenges, they are a promising technology to improve the safety and
longevity of batteries in the future [2,17].

To match the performance of conventional Li-ion batteries, solid
electrolytes must be able to conduct Li ions with an ionic conductivity of
at least 1074 S cm™? [1,18]. The overall conductivity of a solid elec-
trolyte is affected by both the grain boundary and grain interior con-
ductivities. Consequently, there has been significant investigation of the
relationship between the microstructure and ionic conductivity of
common solid-state electrolytes, including LLZO, both experimentally
and through modeling [19-22]. Previous work has characterized the
microstructure and the different ionic conductivity contributions of
grain boundaries and grain interiors in Al-LLZO [23], finding higher
ionic conductivity in grain interiors [6]. The effect of varying the grain
size and relative density of LLZO on its ionic conductivity has been
experimentally studied as well, with results that suggest increased ionic
conductivity with larger grain sizes and higher relative densities [24,
25].

Solid-electrolyte microstructure can be altered through variations in
processing methods. Currently, solid-state reactions, sol-gel methods,
field-assisted sintering, and coprecipitation, are some of the main
methods used to synthesize LLZO [26]. Solid-state reactions are the most
common and are advantageous due to their simplicity and low cost [26].
Al-LLZO has been synthesized through solid-state reactions with con-
ductivities up to 4.4 x 10~* S em™, while Ga-LLZO has reached con-
ductivities up to 1.46 x 103 S cm™! [26]. It has also produced
electrolytes with high relative densities up to 99% [24] and grain sizes
up to ~200 pm [27]. Additionally, grain boundary thicknesses around
2-7.5 nm have been found for AI-LLZO, indicating that the grain
boundary is a region of relative disorder between grains consisting of
many atomic layers [23,28-30]. Using field-assisted sintering technol-
ogy, which is beneficial for its short sintering time, Al-LLZO electrolytes
have been manufactured with up to 5.7 x 10™* S ecm™! conductivities,
relative densities of 99.8%, and grain sizes of 10 pm [26,31]. Factors
such as initial powder particle size, temperature, time of sintering, and
pressure can be used to manipulate the microstructure of LLZO [24,27,
32,33].

Pulsed laser deposition, sputtering, and sol-gel methods in particular
have also been used to create thin-film LLZO electrolytes [34-36]. Es-
timations have found that LLZO electrolytes with conductivities within
107%1072 S cm™! must have thicknesses below ~4 pm to match the
resistance of traditional electrolytes, indicating the importance of both
high conductivities and thin-film manufacturing methods [37].
Thin-film LLZO electrolytes have been created with conductivities up to
6.36 x 1074 S em ™! [22] and grain sizes have been measured between
50 nm and 100 nm for electrolytes less than 1.5 pm thick [22,35].

Through modeling, researchers have investigated the relationship
between microstructure and ionic conductivity in solid electrolytes
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using techniques including: molecular dynamics simulations [38-41],
equivalent circuit models [40], finite element analysis [42,43], and
resistor network models [42]. Additionally, many models simulating
solid-state Li-ion battery performance have been created and experi-
mentally validated [44-50]. Many of these models track Li movement by
simulating diffusion and migration throughout the battery, allowing for
calculation of overpotential losses and overall voltage [44,49,50]. Some
models are able to account for the effects of temperature, heat transfer
and heat generation within the battery, and varying diffusion co-
efficients. However, there is no systematic computational investigation
of the effects of solid electrolyte grain structure on overall battery per-
formance to the authors’ knowledge.

This paper describes a resistor network model able to predict the
conductivity and diffusion coefficient of Al-LLZO based on grain size,
grain boundary thickness, and void density. This is coupled with a
continuum, 1-D, finite-difference model to predict the battery perfor-
mance during discharge. Together, these models are used to characterize
the effect of Al-LLZO microstructure on the performance of a battery
system with a Li-metal anode, a solid-state Al-LLZO electrolyte, and a
LiCoO> cathode.

2. Experimental

To determine the effect of Al-LLZO grain structure on battery per-
formance, a resistor network model and battery model were developed.
The symbols used in this model are shown in Table 1.

Common methods of modeling resistance and conductivity are layer
models, such as the brick layer model, or effective medium theory
models, such as the Maxwell-Wagner model [51]. The resistor network
model was chosen instead for its simplicity and ability to model
multi-directional current flow, unlike the brick layer model. This is
particularly important in modeling non-homogenous microstructures,
such as a structure with randomly placed voids, where the preferred
current path may not be a straight line [52,53]. This enables resistor
network models to calculate conductivity with good accuracy within the
given geometries [42].

A schematic representation of the model is presented in Fig. 1a. Grain
structure is represented using 2-D squares as grain shapes, where the
outline of each grain represents a grain boundary. Each element (grain,
grain boundary segment) is represented using four resistors arranged in
a cross-shape, as shown in Fig. 1b. In the square grain interior, each
resistor represents an equal current path length along an equally
conductive material and therefore has the same resistance in each di-
rection. However, the grain boundaries are segmented into elements
surrounding the grains, which can be rectangular and have resistors
representing different path lengths. One set of resistors in the grain
boundary have the resistance Rgg shorpaih, Which represents the resistance
along half of the thickness of the grain boundary (the short path), while
a second set of resistors have the resistance Rgp iongpath, representing the
resistance along half of the length of the grain (the long path). The grain
interior and grain boundaries can be further segmented into smaller
elements to create a denser mesh or to add varied grain or void sizes. By
using resistors instead of conductors, as is done in Refs. [54,55], the
vastly different scales of grain boundary thickness and grain size can
easily be represented using a minimal number of nodes.

To calculate the value of the resistances R¢g jongpath, RB shortpath, and
Rgj, the relationship between conductivity and resistance is used.

Lg
R= oAr 1)
Where Ly is the length of the resistor, o is the conductivity of the ma-
terial, and Ap is the area the current passes through. The area is calcu-
lated by assuming a constant thickness h in Fig. 1.

Lo La
2068Ar  2068Lcgh

@

R jongparh =
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Elementary charge

Table 1 L L.

Symbols used in model Ronshoripatn = 7—o =% __ 3
Y .  shortpatl ZO_GBAR 2GGBLG[’1
Symbol Parameter Unit

. 2 L L 1
A Cross-sectional area m = = = 4)
Ag Area of resistor m? 2061Ag  206/Lgth  2061h
a(y,t Equal to az;+ and a,- under electroneutrali mol m~3 . . .
ag’ ) Agdvity Of“negaﬁvé' charge carrier in the eg ctrolyte mol m-2 Using Kirchoff’s law to sum the current entering each node, the
o Initial activity of Li in the electrolyte mol m—3 voltage throughout the material can be determined [54,55].
q Activity of species j mol m~3
a: Activity of mobile Li ions in the electrolyte mol m~> Z (Vi - V/) -0
ap Activity of immobile Li in the electrolyte mol m~3 7 R,-j
oo, Initial activity of Li in the positive electrode mol m~3
aLicoo, Activity of Li in the positive electrode mol m~3 Vi
D; Diffusion coefficient of species j m?s! V.= ZJ'RT 5)
Dy; Diffusion coefficient of Li in the positive electrode m?s! e Z}.R%
Dy Diffusion coefficient of Li* in the electrolyte m?s! Y
Dy 131iffusi<1)n coefficient of negative charge carrier inthe  m?s™! In Equation (5), V; represents the voltage of node i, V; represents the
electrolyte

voltage of nodes j which are directly connected to node i, and R; rep-
resents the combined resistance between node i and node j. To solve for

E Electric field
ES Equilibrium battery voltage the voltage of each node in the matrix, an iterative solving process is
Epar Battery voltage used. The successive overrelaxation method is applied in order to in-
E:?Coog Equilibrium voltage of the positive electrode crease the speed of convergence [54-56].
F Faraday’s constant
h Thickness of material in resistor network model Z]’X_j
I Current in battery VikJrl =(1-w)* Vik +w ]” 6)
IgiCDOZ Exchange current in the positive electrode JjRi
I Current in the positive electrode . . . .
JL'C"OZ Toni POSItiY In Equation (6), k represents the number of iterations and w is the
i onic flux of species j K X X K
k Number of iterations in successive overrelaxation relaxation parameter. A voltage was imposed at opposite sides of the
ks Boltzmann constant node matrix, with one edge at 1 V and the opposite at 2 V. Then, the total
kq Rate constant for Li-ion generation reaction in the current simulated through the matrix was determined, allowing the
electrolyte N resistance of the material to be calculated. The material is assumed to
Kpos Standard rate constant for positive electrode charge h h . f f the b deli
transfer reaction ave homogenous re.sw.tan.ce or pu.rposes of the attéry II.IO e 1ng: .
k, Li-ion recombination rate in the electrolyte Once the conductivity is determined, the Nernst-Einstein equation is
s~ used to determine the diffusion coefficient of Li ions in the electrolyte.
L Length of electrolyte m
i i ksT
Lgp Gra%n bioundary thickness m D=0 B _ %)
Lgy Grain size m n(ze)
Lr Length of resistor m
M Thickness of positive electrode m In this equation, D is the diffusion coefficient of Li ions, ¢ is the
n Density of mobile ions o conductivity of Li ions, ks is the Boltzmann constant, T is the tempera-
R Gas constant Jmol " K~ . . s . .
) o L 1 ture, n is the density of mobile ions, z is the valence, and e is the
r Rate of regeneration and recombination of mobile Li mol s
ions in the electrolyte elementary charge [57].
RGB longpath Resistance representing the longer dimension in a The negative ion diffusion coefficient, D_, in the electrolyte is
grain boundary determined using the following equation in combination with the
Repshorpan  Resistance representing the shorter dimension in a Q transference number of the positive ion (Li1), t,, and the positive ion
grain boundary diffusi fficient in the electrolyte, D, [58
Ral Resistance of grain interior Q iffusion coefficient in the electrolyte, D, [58].
R Combined resistance between node i and j Q D
T Temperature K t, = ﬁ (8)
t Time s ++D-
£ Tonic transference number of Li fons in the electrolyte - The electrolyte model was integrated into a device model to calculate
vk Voltage at node i, iteration k A% . . . .
v Voltage at node i v battery voltage over time. The battery described is a solid-state battery
i . . .
v, Voltage at node j adjacent to node i v with a Li-metal electrode, a LiCoO2 electrode, and an AI-LLZO electro-
x Normalized Li activity at the positive electrode surface lyte. The battery reactions at the positive and negative electrodes,
X Average normalized Li activity in the positive - depicted in Fig. 2, are described in Equations (9) and (10) respectively.
electrode
y Coordinate system in battery performance model LiCoO,2Li,_,CoO, +xLi* +xe” (0<x<0.5) 9
2z Valence of species j
ALico0, Charge transfer coefficient for positive electrode Li2Lit + e (10)
Ner Charge transfer overpotential
Na Diffusion overpotential To track Li ions through space and time, the Nernst-Plank equation is
n, Resistance overp?tentlal used, defined as
Trotal Total overpotential
0GB Total Total grain boundary contribution to conductivity oa ; ZiF
0GB Specific grain boundary conductivity of Al-LLZO Ji=—D; dy + ﬁD/ajE 1)
oGr Grain interior conductivity of AI-LLZO
S Fraction of mobile lithium in the electrolyte at .. . .o .
equilibrium v where J; represents the ionic flux of the species j (either Li ions or
- Conductivity La3Zr012 negative ions), D; represents the diffusion coefficient of the

w

Relaxation parameter

species j, a; represents the activity of the species j, y represents distance,
E represents the potential gradient, 2; represents the valence of species j,
and T is the temperature of the battery [44]:



M. Horii et al.

(a)

I~
|- Voids

N

/'

=

Grain Interior Grain Boundary

Smaller Grains

(b)

Grain Boundary (GB)

RGB,shortpath

Journal of Power Sources 528 (2022) 231177

R

RGB,langpath
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Fig. 1. (a) Schematic of grain structure model showing various grain sizes (white squares), grain boundaries (black lines), and voids (black squares). (b) Schematic of
resistor network model showing one grain interior node with four resistors and four grain boundary nodes with four resistors whose length depends on the

node location.

|
NroMa Net Mg

Li LLZO | LicoO,

Negative Electrode  Electrolyte Positive Electrode

0 L
Ntotal = MNr T Nee T Mg
Epar = Efgt + 1+ e + Mg
Fig. 2. Schematic of solid-state Li-ion battery with overpotentials associated

with resistance in the electrolyte (17,), diffusion in the electrolyte and positive
electrode (174), and charge transfer at the interface (1,).

>y
L+M

The rate of regeneration and recombination of mobile Li ions in the
electrolyte, r, is defined as

r=kgagp — k.agi+a,- (12)
Where kg is the rate constant for the ionic generation reaction (kg =
krap5%/(1 — 6)), k, is the rate constant for the ionic recombination re-
action, a; represents the activity of immobile Li in the electrolyte, a;+
represents the activity of mobile Li ions in the electrolyte, and a,- rep-
resents the activity of negative charge carrier in the electrolyte [44].

Equations (13)-(16) are derived under the assumption of no side
reactions and electroneutrality defined by a(y,t) = a,- (y,t) = aii+ (¥, t)
[44].

da o 2D[J+D,,, @Za

o DuiD, o a3
a(y, 0) = dag (14)
0a(0,1) 1 as)

dy  2FAD,.

da(L,t) I

= H— 1
6y 2FADL[+ ( 6)

In Equations (13)-(16), n~ represents negative charge carrier, L
represents the length of the electrolyte, t represents time, § represents
the fraction of Li ions that are mobile at equilibrium, and a, represents
the total activity of Li ions in the electrolyte. Equation (13) represents
the behavior in the bulk of the electrolyte, Equation (14) represents the
initial condition of the electrolyte, and Equations (15) and (16) repre-
sent the boundary conditions. A similar derivation can be performed for
the positive electrode, assuming no migration and a constant diffusion
coefficient [44].

5%;6002 7 ALicoo,
=Dy, 17
ot oy an
ALiCo0, ()’7 0) = aﬂ,-&,oz 18)
Oagicoo,(L,1) 1(t)
D, =% T\ 1
Li oy A 19
Duaauajoz (L+M,1) —0 (20

dy

In Equations (17)-(20), M represents the length of the positive
electrode and ayc.02 represents the activity of Li in the positive elec-
trode. Equation (17) represents the behavior in the bulk of the electrode,
Equation (18) represents the initial condition of the electrode, and
Equations (19) and (20) represent the boundary conditions. The equa-
tions governing Li-ion diffusion are discretized, and the finite difference
method is used to calculate activities at nodes through space and time.

Using information about Li distribution throughout the battery
model, overpotentials within the battery are calculated. The first over-
potential component is the resistance overpotential, 7,, in the electro-
lyte. This is calculated using the following equations, where the electric
field solution is determined under the electroneutrality assumption,
where a(y, t) = ap- (y,t) = ay+ (y, t) [44].

L

nn= - / E(y. 1)dy

0

(21

E(y,t)*RT 1 { -1

ar DLi+_an aa(y7t) 1
" F a(y,t) |2FADy;,

- 22
Dypiy + Dy dy 2FADLI+> } 22)

Next, the charge transfer overpotential (7,,) is calculated using the
Butler-Volmer relationship [44]:
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. F F
I1icoo, = I1icy0, |€XP| ALicoo, R )M | —EXP (aLicoo, — 1) RT ) et

(23)

In this equation, «; represents the charge transfer coefficient of spe-
cies j, Iricoo, represents the current, and Ig.cwz represents the exchange
current. Under the assumption of no side reactions, I;ico0, is assumed to
be equal to I. The exchange current is defined as follows [59]:
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of lithiation are used [59]. The right-hand term of the overpotential
equation describes the contribution of electrolyte Li activities to the
Nernst equation.

To find the total voltage, the overpotential components are added to
the equilibrium voltage [44]:

Epi = Eply + Nt = Elicoor + Mg + e 1, (26)

This grouping of overpotential components describes Nernst de-

IBICOOZ = Fhpos (

(auc(]oz smax — QLiCo0,, min)a(J

kpos represents the standard rate constant of the reaction, aricoo,max
and ayzico0, min Tepresent the maximum and minimum respective lithium
activities in the positive electrode. Lastly, the diffusion overpotential in
the positive electrode and electrolyte, 7,4, is calculated.

. w . RT_ [ay (L1

1a=Eflco0,(¥') — Eficoo, (%) + T In <—aLI,'+ 0,1 (25)

n4 represents the deviation from the standard potential given by the
Nernst equation, with the first two terms reflecting the contributions of
the positive electrode, and the last term representing contributions of
the electrolyte [59]. x* and x are Li activities normalized by aico0, max
where x* represents normalized surface activity and X represents
normalized average activity in the positive electrode. To calculate
E}i00,» the equilibrium voltage of the positive electrode, experimentally
determined values which describe the equilibrium voltage as a function

Table 2
Parameters used within model (values at room temperature, 25 °C).

Symbol Parameter Value Reference

ALico0, Charge transfer coefficient for 0.6 [44]
positive electrode

A Cross-sectional area 1x107*m?

Dy; Diffusion coefficient of Li in the 1.76 x 10715 m? [44]
positive electrode s

S Fraction of mobile lithium in the 0.8 [8]
electrolyte at equilibrium

Lgp Grain boundary thickness in Al- 7.5 x10"°m [23]
LLZO"

o6 Grain interior conductivity of Al- 7.7x10728Sm™ ' [60]
LLZO

Lat Grain size in LLZO" 1x107m [35]

ao Initial activity of Li in the electrolyte =~ 39925.03 mol

m-3

agiCOOg Initial activity of Li in the positive 21045.06 mol
electrode m3

ty Ionic transference number of Li ions ~ 0.9999998 [8]
in the electrolyte

M Length of the electrode 5x107m

L Length of the electrolyte” 1x10°m

kr Li-ion recombination rate in the 0.9 x 108 m® [44]
electrolyte mol ! s7?

ALiCo0,,max Maximum activity of Li in the 48,942 mol m 3
positive electrode

w Relaxation parameter 1.5

o6 Specific grain boundary 9.6 x10°Sm™'  [60,62]
conductivity of AI-LLZO

Kpos Standard rate constant for positive 5.1 x 10°® m*® [44]
electrode charge transfer reaction mol *° 571

- Theoretical density of Al-LLZO 5139 kg m 3 [61]

- Void conductivity 102°Sm!

# Base parameters unless otherwise specified.

ALiCo0,
(aticoosmax — aricoo, (L, 1)) avi+ (L, I)) ’ <(aLiC002 (L, 1) = aricoo,,

(auc(;()z max — ALiCo0, .

) ) 1-aticoo,
min 24)
nin) )

viations from standard potentials, diffusion, and resistive effects within
the battery system, while allowing the use of experimental tabulations of
equilibrium voltages for increased accuracy. The simulation is stopped
when the voltage reaches 0 or when the positive electrode surface at the
interface with the electrolyte is fully lithiated, which causes a rapid
increase in the magnitude of the diffusion overpotential.

The battery performance model was created in Python and validated
by running parameters representative of a battery with a LiCoO3 positive
electrode, Li-metal negative electrode, and LigPOy4 electrolyte. The re-
sults were compared to previous computational and experimental re-
sults on solid-state batteries of this chemistry, and good agreement was
found between the two to verify the validity of the governing equations
[44].

A summary of the parameters used to model the behavior of Al-LLZO
batteries is presented in Table 2. Uncited parameters are either chosen
geometric parameters, based on material properties, or estimated. The
Al-LLZO conductivity values were experimentally found in Ref. [60] at a
stoichiometry of Lig 55Alg.15La3Zra012. The initial activity of Li in the
positive electrode is a chosen value, the initial activity of Li in the
electrolyte is based on the molecular weight and theoretical density of
Al-LLZO [61]. Voids are representative of pores, and the estimated void
conductivity value is reflective of the null Li conductivity value of a
pore. The specific grain boundary conductivity was calculated using
Equation (27) [62] using 66 Tor data from Ref. [60].

Lep

0GB = 7 0GB Total 27)
L

A summary of the equations used is represented in a flow chart in the
Supplementary Information (Fig. S2).

3. Results

The effects of varying the electrolyte conductivity, thickness, grain
size, grain boundary thickness, and void fraction on solid-state battery
(SSB) performance are evaluated.

3.1. Discharge curves and overpotential components using battery
performance model

In Fig. 3, discharge curves and overpotential components are shown
for a battery simulated at a C-rate of 10, with the parameters specified in
Table 1, and with a void fraction of 0. In Fig. 3a, the voltage as a function
of specific capacity is shown, which can be used to calculate key battery
performance properties such as energy and power output. In Fig. 3b,
overpotential components can be individually observed. The diffusion
overpotential is larger at the beginning and end of the battery life due to
contributions from the positive electrode (Eji,o, (X)) = Eficeo, (X))
Ez?CoOZ
lithiation values close to one, which causes the difference between

(x) decreases at a higher rate at lower lithiation values and at
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(B) 40sf

0.00

Charge Transfer

V)

—0.05

-0.10F Diffusion

Overpotential

-0.20

—0.25—5 20 40 60 80 100 120

Specific Capacity (mAh/g)

Fig. 3. (a) Voltage as a function of specific capacity during a discharge at a C-rate of 10. (b) Resistance, diffusion, and charge transfer overpotential components as a
function of specific capacity during a discharge at a C-rate of 10. The positive electrode mass is 2.40 x 10™* g.

Ejico0, () and Eji o (X) to be larger and increases the diffusion over-
potential. Ultimately, diffusion overpotential is the cause of battery
death in this example. At the end of the battery’s life, all of the CoO5 at
the interface between the positive electrode and the electrolyte has
reacted with Li ions to form LiCoO,. This happens as a result of the
diffusion through the positive electrode becoming slower than the rate
of lithiation at this interface. The final diffusion overpotential value is
—1.46 V. The charge-transfer overpotential also begins to contribute
significantly as the battery dies, with a final value of —0.11 V. The
resistance overpotential is relatively stable throughout discharge. The
final resistance overpotential is —0.032 V. Fig. 3 demonstrates the
ability of the simulation to provide detailed battery performance
information.

3.2. Effects of electrolyte conductivity and thickness on SSB performance

In Fig. 4, the effects of conductivity normalized by electrolyte
thickness—a proxy for electrolyte resistance—are shown over a range of
electrolyte thicknesses at varying C-rates. Similar performance is ob-
tained for batteries with different electrolyte conductivities or thick-
nesses, but with the same ratio of the two. Modeling of battery
performance is performed for electrolytes with conductivities between
9.6 x1077Sem T and 7.2 x 107 S em ™! and thicknesses between 1 um
and 100 pm. The conductivity range was chosen to span a wide range of
possible conductivity values as grain boundary thickness and grain size
are varied (consistent with the span of conductivity values in Fig. 5a). As
expected, higher overpotentials are seen as conductivity decreases and
electrolyte thickness increases, leading to lower energy and power
values. Below a ratio of 10 S m~2, the energy and power values drop off,
particularly at higher C-rates, with steep energy output decreases at a C-

rate of 10 and effectively no energy output at a C-rate of 100.

3.3. Effect of grain size on SSB performance

Fig. 5a demonstrates the effect of grain size on conductivity and
diffusion coefficient as grain size is varied between 0.1 nm and 0.1 mm
with a constant grain boundary thickness of 7.5 nm. As expected, due to
higher conductivity in the grain interior than the grain boundary, in-
creases in grain size at constant grain boundary thickness result in
increased overall conductivity and diffusion coefficients until they
approach that of the grain interior. The change in conductivity occurs
primarily between grain sizes of 10 nm and 10 pm, or when the ratio of
grain size to grain boundary thickness is between 1 and 10°. Below grain
sizes of 10 nm, the conductivity asymptotes towards the grain boundary
conductivity (9.6 x 1077 S ecm™1) as the grain boundary, which encases
each grain interior, becomes the main pathway for Li ions. Above grain
sizes of 75 um, or above a ratio of grain size to grain boundary of 10%, the
conductivity slowly approaches the grain interior conductivity, reaching
92.6% of its 7.7 x 10™* S cm™! value. Because the grain boundary fully
encases each grain, forcing Li ions to travel through the grain boundary,
it requires much larger grain sizes than grain boundaries for the overall
conductivity to approach the grain interior conductivity.

The diffusion coefficients in Fig. 5a are then used as model param-
eters to determine the overall battery performance for different grain
sizes. This is shown in Fig. 5b, which provides the fraction of the theo-
retical energy output of the battery at different C-rates and grain sizes.
The theoretical output is determined by multiplying the theoretical ca-
pacity of LiCoO,, the mass of the active material in the positive elec-
trode, and the average equilibrium voltage over the range of lithiation
modeled. The theoretical energy output is 149 pW+*hr when starting
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Fig. 4. (a) Specific energy output of the battery as a function of the ratio of electrolyte conductivity to thickness. (b) Specific average power output of the battery as a
function of the ratio of electrolyte conductivity to thickness. The positive electrode mass is 2.40 x 10™* g.
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with a 43% initial lithiation in the positive electrode (corresponding to a
specific capacity of 156 mAh g~ that is 57% of the full 274 mAh g~ for
the positive electrode). The C-rate represents the theoretical C-rate
based on the applied current, calculated using:

I

C — rate = (28)

chcoretiml

Where Qgeorericar 1S the theoretical capacity of the LiCoO; electrode based
on the amount of active material and taking into consideration the initial
lithiation of the positive electrode.

In Fig. 5b, increased grain size and decreased C-rates lead to higher
energy outputs. The maximum fraction of theoretical energy output is
0.96, achieved at a C-rate of 0.1 and a grain size of 0.1 mm. Additionally,
the specific capacity at this C-rate was found to be 150 mAh g ~1 over the
range of grain sizes, which is comparable to experimental results with
thin-film LLZO/LiCoO3 batteries [36]. At higher C-rates, lower capac-
ities are achieved. For example, at C-rates of 100, 52.7, and 5.4, the
battery capacities are 30.8 mAh g !, 58.7 mAh g !, and 140 mAh g 7},
respectively. The limitations of the positive electrode kinetics are a large
contributor to these differences. Overall, there is a significant decrease
in energy output at grain sizes smaller than 10 nm and above C-rates of
50 where the battery energy output becomes extremely small
(approaching 0). However, the grain size has significant effects at lower
C-rates as well: at a C-rate of 10.6, the fraction of theoretical energy
ranges between 0.739 and 0.825, representing a 0.086 difference in
fraction energy output. If the grain size is kept above 100 nm, most of
these effects can be mitigated. This indicates that for systems like
Al-LLZO, where the grain boundary conductivity is significantly lower
than that of the bulk, it is important that the grain size must be ~10
times larger than the grain boundary thickness, with more importance
on increasing this ratio at higher C-rates.

3.4. Effect of electrolyte grain boundary thickness on SSB performance

Fig. 6a shows the effect of grain boundary thickness on conductivity
and diffusion coefficient as grain boundary thickness is varied between
0.1 nm and 4 pm, while the grain size is 100 nm. Similar to the effects
seen when varying grain size, the higher conductivity of the grain
interior causes a decrease in conductivity and diffusion as grain
boundary thickness increases. Above a grain boundary thickness of 100
nm, the conductivity approaches the grain boundary conductivity (9.6
x 1077 S em™1). The grain boundary thickness values do not get small
enough to cause the overall conductivity to begin to plateau towards the
grain interior conductivity, as the grain boundary has a stronger impact
on the overall conductivity due to the current always having to travel
through the boundary.

In Fig. 6b, the simulated fraction of theoretical energy output at
varying grain boundary thicknesses and C-rates is shown. It is observed
that decreases in both C-rate and grain boundary thickness lead to
increased energy output, which is consistent with theory. The maximum
fraction of energy output is again 0.96. There is a transition above a C-
rate of ~40 and a grain boundary thickness of ~30 nm where energy
output becomes very small. The negative battery performance effects are
minimal when the grain boundary thickness is below 10 nm.

3.5. Effect of electrolyte voids on SSB performance

In Fig. 7a, the effects of the void fraction of the LLZO electrolyte on
the overall conductivity and diffusion coefficient are shown. The void
fraction quantifies the area fraction of voids in the electrolyte and is
representative of the effects of porosity on solid electrolytes. The
simulation was run with a grain size of 100 nm and a grain boundary
thickness of 7.5 nm. The void fraction was varied by placing randomly
spaced voids within the resistor network matrix, leading to the
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variability in conductivity and diffusion coefficient seen in Fig. 7a. As
the void fraction decreases to 0, the conductivity and diffusion coeffi-
cient increase towards the conductivity of an Al-LLZO electrolyte with
grain size of 0.1 pm, a grain boundary thickness of 7.5 nm, and no voids:
1.145 x 107> S em™L. Above a void fraction density of ~0.8, the con-
ductivity quickly drops to 0. Similar trends of increasing conductivity as
relative density and porosity increases in LLZO have been seen experi-
mentally, though the effects of porosity were unable to be disentangled
from effects of grain size and grain boundary chemistry [24,63].

In Fig. 7b, the values of diffusion coefficients for varying void frac-
tions are used to determine battery performance characteristics. At high
void fractions and high C-rates, the battery produces negligible energy
output due to the extremely high overpotentials in the electrolyte. To
avoid major battery performance losses, the void fraction must stay
below ~0.3. At lower C-rates, the battery is able to operate at higher
void fractions—at very low C-rates the battery can perform at void
fractions up to 0.6. At void fractions below 0.1, minimal losses are seen
due to ionic conductivity of the electrolyte.

4. Discussion

The battery performance model results suggest that a ratio of elec-
trolyte conductivity to thickness should remain above 10 S m ™ for high
performance, particularly at higher C-rates above 10. Incorporating the
resistor network model, results suggest that energy output losses due to
microstructure features can be minimized with grain sizes larger than
100 nm for a grain boundary thickness of 7.5 nm, grain boundaries
smaller than 10 nm for a grain size of 100 nm, and void fractions below
0.1 for a grain size of 100 nm and a grain boundary thickness of 7.5 nm.
Experimentally, LLZO grain boundary thicknesses in the range of 2-7.5
nm have been observed [23], grain sizes of 100 nm have been measured
in thin films [35], and high relatively densities up to 99% suggesting low
void fraction have been observed [24]. Current electrolyte properties
are already able to meet or exceed the microstructure design parameters
suggested. Even at C-rates up to 100, further improvement of the elec-
trolyte microstructure provides diminishing returns in energy output.
This is important to note as faster charging comes into focus as an
important next step for use in electric vehicles and other personal
devices.

Overall, the model combines a resistor network model and a finite
difference method-based battery performance model to evaluate the
effect of solid-state electrolyte microstructure on battery performance,
allowing for unique insight into the significance of electrolyte micro-
structure properties. Some of the limitations of the model include
limited geometries due to the grid-shaped resistor network model, as-
sumptions of constant LiCoO; diffusion coefficient at different lithiation
levels, and the one-dimensional nature of the battery performance
model. The specific results presented here have also not yet been

experimentally validated, though both the battery performance model
and the resistor network model have been validated independently [42,
44]. To the author’s knowledge, there has not been a systematic
experimental study, of this type, on the effect of electrolyte micro-
structure properties on battery performance. Additionally, there are
several interconnected ways electrolyte microstructure affects battery
performance that are not explored here, which include the effect of grain
boundaries and pore networks on dendrite formation [64], high inter-
facial resistances caused by secondary phase formation or poor con-
nectivity [36,65,66], and the ways in which microstructure affects the
stability of Al-LLZO [66]. Some of these effects, along with electrode
kinetics, have been suggested as more critical limiting factors of
solid-state batteries than the improvement of electrolyte conductivity
[2,66]. This is consistent with the results seen for Al-LLZO, which show
that further refinement of electrolyte microstructure is unlikely to
significantly improve performance. However, this is not necessarily the
case for other solid-state electrolyte chemistries and similar studies
would need to be carried out to determine the effect of microstructure on
battery performance in those cases.

The values of the initial fraction of mobile lithium (5) and the mobile
Li ion recombination rate (k;) in LLZO are not well established. Hay-
amizu et al. and Buschmann et al. have studied the quantities of mobile
Li ions in LLZO and Al-LLZO respectively, but the value of & at room
temperature has not been experimentally determined for any LLZO [8,
67]. No experimental values for k; have been found. In other work [44,
45,49], these parameters were determined through curve fitting to
experimental data. However, both § and k; were found to have minimal
effects on total energy output. The effect of these parameters is shown in
the Supplementary Information (Fig. S3 and Fig. S4).

5. Conclusion

A continuum, one-dimensional, finite-difference battery perfor-
mance model was used in combination with a resistor network model to
determine solid electrolyte microstructure effects on battery perfor-
mance. Energy output results were comparable to experimental results
from other papers. Regardless of electrolyte conductivity, ratios of
electrolyte conductivity to electrolyte thickness above 10 S m™2 are
necessary to facilitate good battery performance at C-rates above 10,
with larger performance gains at higher C-rates. The resistor network
model predicts that as grain sizes increase, the Al-LLZO bulk electrolyte
conductivity will approach the higher grain interior conductivity, esti-
mated to reach 92.6% of that value for grain sizes at least 10,000 times
larger than grain boundary thicknesses. Negative battery performance
effects due to electrolyte microstructure were minimal for AI-LLZO
electrolytes with grain sizes larger than 100 nm for a grain boundary
thickness of 7.5 nm, grain boundaries smaller than 10 nm for a grain size
of 100 nm, and void fractions below 0.1 for a grain size of 100 nm and a
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grain boundary thickness of 7.5 nm. Current Al-LLZO electrolytes are
already able to meet these criteria, and simulations predict minimal
battery performance improvements through microstructures more
optimized for high conductivity, even up to C-rates as high as 100.
Future work includes the addition of different and irregular micro-
structure geometries, the inclusion of additional interfacial resistance
phenomena, dendrite formation modeling, and modeling of chemical
stability and particle degradation. Additionally, by applying this model
to different battery chemistries and solid electrolytes, different design
rules and optimal microstructures tailored for specific systems can be
explored. This could be particularly useful for less conductive solid
electrolytes, where microstructure optimization may have a large
impact on battery performance.
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